Introduction
With the domestication of wild einkorn and emmer wheat, humans have used wheat in their diet for more than 10,000 years (Gegas et al., 2011) . From the very beginning, wheat has been one of the most important grain crops in the human diet and animal feed (Peng et al., 2011) . The economic and strategic importance of wheat increases with world population. According to the Food and Agriculture Organization (http://faostat.fao.org/), approximately 671 × 10 6 t of wheat is grown annually on 215 × 10 6 ha in the world. Wheat production is expected to increase by up to 60% by 2050. However, abiotic and biotic stress factors are increasingly recognized as serious worldwide problems that may cause up to 29% loss in wheat production (Manickavelu et al., 2012) . Therefore, evaluation of genetic damage from environmental stress factors plays a key role in the identification of tolerant wheat cultivars.
Bread wheat and pasta wheat are the only wheat species economically cultivated worldwide. Increase in grain size of tetraploid pasta wheat (T. turgidum subsp. durum) and hexaploid bread wheat (T. aestivum subsp. aestivum) cultivars is an important breeding target in modern breeding programs and directly affects yield (Gegas et al., 2011) . According to the currently accepted theory, T. turgidum (2n = 4x = 28, AABB) was generated through hybridization between T. urartu (genome donor A) and Aegilops speltoides (genome donor B). Another hybridization occurred between T. turgidum and a genome donor D, A. tauschii, resulting in a hexaploid bread wheat (2n = 6x = 42, AABBDD) (Dvorak and Akhunov, 2005) .
High salinity and drought are important abiotic stress factors inducing reduction in plant productivity. In addition, these environmental stress conditions are expected to intensify in the 21st century due to microclimatic changes caused by global warming and due to insufficient irrigation (Uauy et al., 2006; Nicol et al., 2007) . Plants respond to stress at morphological, biochemical, physiological, cellular, and molecular levels in order to survive during unfavorable conditions (Bohnert et al., 1995; Ingram and Bartels, 1996; Blum, 2005; PerezClemente et al., 2013) . Specifically, abiotic stress factors may affect cell division and lead to chromosomal abnormalities such as micronucleus formation, chromosome stickiness, c-mitosis, and multipolarity. However, there are few studies that indicated the effects of salt and drought stresses on chromosomal aberrations of cereal crops such as barley (Katsuhara and Kawasaki, 1996; Demir, 2008, 2009; Cesur and Tabur, 2011) , maize (Zidan et al., 1990) , and sorghum (Lutsenko et al., 2005) .
Nucleolus organizer regions (NORs) involve ribosomal genes and acidic proteins, which can be stained by silverstaining methods; silver-stained NOR and proteins are named "AgNORs" (Howell, 1982; Trerè, 2000) . After staining, NORs appear as black dots in the interphase nucleus. The size and the number of black dots are highly correlated with the rate of protein synthesis in the cells (Schmiady et al., 1979; Morton, 1983; Hubbell, 1985; Moreno et al., 1990) . Furthermore, determination of the AgNOR protein rate by silver staining provides information about the cell division rate (Derenzini et al., , 1990 (Derenzini et al., , 1995 Trerè et al., 1989; Öfner et al., 1992) .
Although the effect of salt and drought stress conditions on the inhibition of plant growth has been reported extensively, there is limited information about plant response to salinity and drought at the cellular level, and especially on the effect on cell division and nucleoli. For evaluation of these abiotic stress factors, it is important to study chromosome behavior and changes in nucleoli. The objective of this study is to evaluate the effects of drought and salt stress treatments on root and shoot growth, mitotic index (MI), chromosomal abnormalities, and AgNOR number and size using root meristem cells from three Triticum species (T. aestivum 'Yuregir-89' , T. turgidum subsp. durum 'Kiziltan-91' , and T. monococcum 'Siyez'), which have different genotypes. Investigation of abiotic stress factors on wheat may provide valuable information about the effects of drought and salinity on plant mechanisms of cytogenetic damage.
Materials and methods

Plant growth and application of abiotic stress conditions
In this study, Triticum turgidum subsp. durum 'Kiziltan-91' (drought-tolerant wheat cultivar), T. aestivum 'Yuregir-89' (medium drought-tolerant wheat cultivar), and T. monococcum 'Siyez' (low drought-tolerant einkorn wheat) were used (Baloglu et al., 2014) . The seeds were kindly provided by the Central Research Institute for Field Crops, Ankara (Turkey), and the İhsangazi Municipality, Kastamonu (Turkey). They were germinated under hydroponic conditions and irrigated with distilled water for 2 days in a growth chamber at 24 ± 2 °C with a photoperiod of 16 h light and 8 h dark and light intensity of 400 µmol m -2 s -1 . Stress treatments were applied using 20% polyethylene glycol 6000 (PEG-6000) and 250 mM sodium chloride (NaCl) for drought and salinity, respectively (Baloglu et al., 2012) . Both treated (stress) and nontreated (control) plants were kept under the same growth conditions. Healthy and newly emerged roots were selected and used in all analyses. Shoot and root parts of the wheat species were removed after 48 h of growth. The length of tissues from three biological replicates were measured. Each set of experiments contained at least 15 plant samples.
Cytogenetic analyses
MI, proportion of mitotic phases, and presence of chromosomal aberrations were assessed in this study. Root tips of all wheat species were removed and fixed overnight at 4 °C in a freshly prepared fixative solution of absolute ethanol and acetic acid in a 3:1 (v/v) ratio. The next day, the root tips were transferred to 70% ethanol. The root meristems were evaluated to determine the MI and any chromosomal aberrations (Glińska et al., 2007; Kumar et al., 2010) . For cytogenetic analyses, root tips from the fixative solution were stained with 5% acetocarmine solution (Merck & Co., Inc., Whitehouse Station, NJ, USA) for 30 min. Microscope slides were prepared by squashing stained root tips in 45% (v/v) glacial acetic acid (Glińska et al., 2007; Teerarak et al., 2009 ). To determine AgNOR parameters, root tips from the fixative solution were stained with 50% silver nitrate and incubated in a moist chamber at 60 °C for 2 h. Finally, the slides were rinsed thoroughly in distilled water and dried (Teerarak et al., 2009 ).
Calculation of cytogenetic analyses
MI was used to determine the rate of cell division. The number of dividing cells and the total number of cells were determined on the slides. To determine the MI, different mitotic stages were counted in at least 6000 cells for each wheat cultivar, and the MI was calculated as the ratio of the number of dividing cells and total number of cells, multiplied by 100. The proportion of mitotic phases was determined from the number of dividing cells and presented as a percentage for each mitotic phase. Different types of aberrations in cells, including micronuclei, chromosome stickiness, c-mitosis, multipolarity, and others (anaphase bridge, unequally sized nuclei, and budding nuclei), were assessed according to previously described methods (Glińska et al., 2007) . Each treatment was replicated eight times and scoring was done from eight root tips in each replication. For AgNOR parameters, the number of AgNORs was estimated on 1000 random nuclei per treatment. The area of AgNORs was measured in 300 cells per treatment using a micrometer eyepiece and calculated with the formula A (µm 2 ) = πr 2 . Microscopic observations were performed with a Leica DM750 optic microscope equipped with a digital camera (Leica ICC50 HD, Leica Microsystems, Wetzlar, Germany) that was used to take the photographs.
Statistical analysis
Data obtained in this study were analyzed using one-way analysis of variance (ANOVA) and the Tukey test using Minitab 17 Statistical Software (State College, PA, USA). All values were reported as means ± standard error of means. The significance level in all experiments was set at P < 0.05.
Results
Growth parameters
Wheat seedlings were grown until roots reached 2 cm in length. Plants of each wheat cultivar were then treated with PEG and NaCl. Compared to the controls, both stress applications caused a significant reduction in root and shoot length in stress-treated wheat species. Figure   1 shows the effect of PEG and NaCl treatments on the root and shoot length in Kiziltan, Yuregir, and Siyez. The figure clearly indicates that the salt stress was more detrimental than drought stress in both organs. The rate of root inhibition in salt-treated wheat plantlets (average for all wheat species: 68%) increased compared to the rate in drought-treated wheat plantlets (average for all wheat species: 20%). The most surprising aspect of these data is that Siyez, the ancient einkorn wheat, was the least affected by salt and drought stress conditions (rate of root inhibition: 62% and 10%, respectively) compared to modern wheat varieties Kiziltan and Yuregir.
Mitotic index and distribution of mitotic phase
The effects of salt and drought stress conditions on the MI are summarized in Table 1 (P < 0.05) inhibited cell division compared to the control in all wheat species. These findings are consistent with the analysis of root growth parameters; the inhibition rate of cell division in Kiziltan, Yuregir, and Siyez as a result of increased salinity was higher than the inhibition rate caused by drought. The data in Table 1 also indicate that the MI in Yuregir and Siyez roots was affected the most by drought and salt stress factors, respectively. Although the MI in Siyez roots was significantly (P < 0.05) decreased after drought stress treatment, the roots exhibited the highest MI (4.54) among the three wheat varieties. The changes in MI values followed the same trend for the rate of root growth in all wheat species. The percentage of different mitotic stages, including prophase, metaphase, anaphase, and telophase, are also shown in Table 1 . When compared to the control, root cells of all wheat species were found in the anaphase-telophase phase after the drought treatment. However, the prophase frequency increased in root cells exposed to salt stress.
Chromosome abnormalities
Different types of mitotic abnormalities such as micronuclei, sticky chromosomes, c-mitosis, multipolarity and bridges, and irregular prophase were observed in root cells after salt and drought treatments (Figure 2 ). The total chromosome aberrations significantly (P < 0.05) increased with salt and drought treatments in all wheat species. The total chromosome abnormalities in Yuregir (72.1% and 75.0% for salt and drought stress, respectively) were higher than in Kiziltan or Siyez. Chromosome aberrations caused by salt and drought treatments were statistically significant (P < 0.05) in Siyez and Kiziltan when compared to the control (Table 2) . These results are consistent with the MI and root growth parameter analyses, in which salt stress had more detrimental effects than drought. Both abiotic stress treatments induced formation of different types of mitotic abnormalities (c-mitosis, multipolarity, micronuclei, anaphase bridge, and chromosome stickiness), as indicated in Figure 2 . The most frequent abnormalities in both stress treatments were chromosome stickiness, c-mitosis, and micronuclei formation.
AgNOR measurements
To assess the genetic damage from drought and salt treatments, interphase AgNORs were also investigated in Kiziltan, Yuregir, and Siyez (Figure 3) . The AgNORs in root tips from all wheat cultivars are indicated as black or dark brown dots. Interphase cells in the root tips from both control and treated samples contained one, two, or three AgNORs per cell, whereas the salt treatment caused a decrease in the average number of AgNORs per nucleus (Table 3 ). The lowest AgNOR numbers per nucleus were 1.32 and 1.43 in salt-treated interphase cells from the Kiziltan and Yuregir cultivars, respectively. Although the number of AgNORs per cell slightly increased in droughttreated interphase cells of Kiziltan and Siyez, this increase was not statistically significant. The AgNOR areas were also investigated after the stress application. There was a significant positive correlation between the singular and total AgNOR areas (P < 0.05). The singular AgNOR areas, with different numbers of AgNORs per cell, and the whole AgNOR area significantly (P < 0.05) decreased with salt and drought treatments in all wheat species. These results corroborate the findings of MI and chromosome abnormalities analyses, in which salt stress had a more destructive effect than drought stress in Kiziltan, Yuregir, and Siyez. In contrast to root growth analyses, Siyez was the most affected by both stress treatments; salinity and drought caused about 88% reduction in the whole AgNOR areas in ancient einkorn wheat compared to the control. The AgNOR areas in Kiziltan decreased by about 50% in both stress treatments. These findings further support the idea that the salt and drought tolerance in Kiziltan is higher than that in the Yuregir cultivar and Siyez genotype (Baloglu et al., 2014) .
Discussion
Drought and salt stress factors trigger different responses in plants, such as growth inhibition, formation of new compounds, and changes in antioxidant enzyme activities (Baloglu et al., 2012) . In addition, these environmental stress conditions adversely affect the production of wheat, which is the foremost staple food crop in the world (Baloglu et al., 2014) .
One of the most common environmental stress factors is drought, which directly influences the growth and productivity of plants (Baloğlu et al., 2012) . Although several studies have shown an increase in root length and decrease in shoot length under drought stress (Turkan et al., 2004; Tuna et al., 2010) , the primary effect of drought stress on plant development is the inhibition of shoot and root growth (Celikkol Akcay et al., 2010) . The findings of the current study are consistent with those of Celikkol Akcay et al. (2010) , who found that the length of shoots and roots decreased steadily with increasing concentrations of PEG in two peanut cultivars. Plants acquire water from the soil through roots; therefore, plant growth, density, proliferation, and size play a key role in the response to drought stress (Kavar et al., 2007) . Plants may sometimes evade drought stress by reducing root and shoot growth or by maintaining high tissue water potential (Farooq et al., 2009) . It is therefore likely that similar relationships exist between drought stress and the modern wheat varieties Kiziltan and Yuregir and the ancient einkorn wheat Siyez. Salinity generates different responses in plants such as osmotic stress, toxicity, and nutritional disorders (Läuchli and Epstein, 1990) . The inhibitory effects of salt on root and shoot growth have been studied in different plants, including Chrysanthemum (Hossain et al., 2004) , sugar beet, cabbage, pak choi, amaranth (Jamil et al., 2006) , barley (Othman et al., 2006) , red raspberry (Neocleous and Vasilakakis, 2007) , wheat (Maghsoudi Moud and Maghsoudi, 2008) , onion (Teerarak et al., 2009) , and sesame (Bahrami and Razmjoo, 2012) . Our results are consistent with other studies and suggest that salt stress inhibits root and shoot growth in Kiziltan, Yuregir, and Siyez. Osmotic stress or salt toxicity may cause root and shoot growth inhibition in these wheat species, because high salinity conditions promote osmotic stress and loss of turgor pressure in plants, decreasing the rate of cell growth (Nilsen and Orcutt, 1996) . Neocleous and Vasilakakis (2007) studied the effects of long-term salt stress treatments in red raspberry and found that the highest Na ion accumulation was in the roots and lower stem parts. Wheat plants improve their drought tolerance mechanism via drought avoidance and dehydration tolerance (Nevo and Chen, 2010) . However, genetic diversity was negatively affected by domestication and breeding programs resulted in decreased tolerance to environmental stresses (Nevo, 2007; Tanksley and McCouch, 1997) . It can be concluded that osmotic stress and Na ion toxicity cause more adverse effects than drought stress on root and shoot growth of wheat species with different ploidy levels. This could arise from differences in the different genetic backgrounds of these wheat species. Roots grow by the apical meristematic region, in which root cells pass through interphase and mitosis to complete a cell cycle (Nilsen and Orcutt, 1996) . Therefore, the frequency of cell division is defined by the MI, which also demonstrates cell proliferation rate and rate of root growth (Jiang and Liu, 2000; Jităreanu et al., 2013) . Anaphase-telophase testing can be recommended and is mainly used as a monitoring system that can show a first alert for the presence of genotoxic environmental pollutants (Vujošević et al., 2007; Akyıl et al., 2012) . Salt and drought treatments of the three wheat species resulted The present findings seem to be consistent with other studies that found that MI decreases with the application of different NaCl concentrations in maize (Zidan et al., 1990) , barley (Katsuhara and Kawasaki, 1996; Demir, 2008, 2009; Cesur and Tabur, 2011) , sorghum (Lutsenko et al., 2005) , and onion (Teerarak et al., 2009 ). In addition to salt stress, irrigation with wastewater causes a decrease in MI in different plant species such as wheat (Aybeke et al., 2000) . In contrast to the numerous studies on the effect of salt stress, the effect of drought stress on MI has not been investigated. The analysis of mitotic activity and chromosomal aberrations presented here is the first comprehensive study in different wheat species and provides valuable information for future research. Few studies have assessed the effects of salt and drought conditions on chromosomal aberrations. It has been reported that salt has chromotoxic effects and increases the total chromosome aberrations (Hossain et al., 2004; Demir, 2008, 2009 ). Higher salt concentrations (300, 450, and 600 mM NaCl) completely inhibited mitotic activity and increased chromosomal abnormalities in an endemic plant, Centaurea ragusina (Radić et al., 2005) , and barley (Tajbakhsh et al., 2006) . These results are also confirmed in our study. The increase in all types of chromosomal aberrations in root tips of Kiziltan, Yuregir, and Siyez was detected following salt and drought treatments. Chromosome stickiness and c-mitosis were the most common types of abnormalities detected in our study. Chromosome stickiness mainly occurs in prophase and metaphase, and it is defined by shortened and thickened chromosomes. However, the mechanism of chromosome stickiness as a response to salt stress remains unclear. It may arise from the impact of NaCl on the physical structure of DNA and proteins, which in turn may lead to improper folding of chromatin (El-Ghamery et al., 2003) . The occurrence of c-mitosis and anaphase bridges may result in spindle formation (Shahin and ElAmoodi, 1991) .
NORs are chromosomal segments that contain rDNA genes (ribosomal genes) and acidic, nonhistone proteins. After silver staining, silver ions bind to these proteins, which can then be visualized as black dots in cytohistological samples (Howell, 1982) . Stained AgNOR areas are closely associated with RNA transcriptional activity and cell doubling time (Underwood and Giri, 1988; Derenzini, 2000) . The number and the size of the AgNORs may alter cell kinetics, including cell cycle, cell proliferation, and the rate of rRNA transcription (Mehta, 1995) . In our study, the decrease in number and AgNOR area in salt-and drought-treated root samples of Kiziltan, Yuregir, and Siyez implied reduction of cell proliferation and rRNA transcription and synthesis. These findings corroborate the results of Teerarak et al. (2009) , who suggested that the average number and area of AgNORs decrease in root tip cells of onion treated with different NaCl concentrations.
The present study was designed to determine the effect of salt and drought stress treatments on root growth, cell division, chromosome aberrations, and AgNORs in wheat species with B, AB, and ABD genomes. Genotypic variation in the genotoxic response to salt and drought stress treatments is an interesting observation in this study. According to physiological and cytological parameters obtained from this study, salt and drought tolerance in Kiziltan is higher than in Yuregir and Siyez. However, salt and drought treatments are cytotoxic on meristematic cells in both modern wheat species and the ancient einkorn wheat. Examination of environmental stress factors on different wheat species may play a key role in understanding the effects of drought and salinity on plant mechanisms of cytogenetic damage.
